We have investigated the effect of texture on in-plane ͑IPP͒ and out-of plane ͑OPP͒ polarizations of pulsed-laser-deposited BaTiO 3 thin films grown on Pt and La 0.5 Sr 0.5 CoO 3 ͑LSCO͒ buffered Pt electrodes. The OPP and IPP polarizations were observed by piezoresponse force microscopy ͑PFM͒ for three-dimensional polarization analyses in conjunction with conventional diffraction methods using x-ray diffraction and reflection high energy electron diffraction measurements. BaTiO 3 films grown on Pt electrodes exhibited highly ͑101͒ preferred orientation with higher IPP component whereas BaTiO 3 film grown on LSCO/Pt electrodes showed ͑001͒ and ͑101͒ orientations with higher OPP component. Extensive studies are being carried out on ferroelectric thin films, particularly those based on the barium titanate ͑BaTiO 3 ͒ system, for their application in electro-optic and electromechanical devices.
Extensive studies are being carried out on ferroelectric thin films, particularly those based on the barium titanate ͑BaTiO 3 ͒ system, for their application in electro-optic and electromechanical devices.
1-3 Barium titanate's large electrooptic coefficient, for example, can enable the fabrication of highly miniaturized optical modulators for fiber optic based data transmission systems. 4, 5 Also, the large piezoelectric constants and electromechanical coupling coefficients are extremely attractive for a variety of sensor and actuator applications. The electro-optic and electromechanical properties are strongly related to crystallographic orientation, crystal phase, domain configuration, and substrate-imposed mechanical strain. 6, 7 Few articles have reported on the effect of orientation on the nanolevel scale piezoelectric properties of polycrystalline BaTiO 3 thin films.
Recently, atomic force microscopy ͑AFM͒ in piezoresponse mode, also called piezoelectric force microscopy ͑PFM͒, has successfully demonstrated the capability of imaging ferroelectric domains and characterizing ferroelectric surfaces on nanometer levels. [8] [9] [10] In PFM measurements, the piezoelectric response, under voltage modulation, is detected as a vibration of the PFM cantilever with a conducting tip in direct contact with the surface of the film. These vibrations arise due to the converse piezoelectric effect and hence depend on the orientation of the polarization vector. The amplitude of the acquired signal is proportional to the effective longitudinal piezoelectric coefficient, d 33 . In order to optimize the electromechanical performance of ferroelectric thin films, it is very important to understand the orientation dependence of the piezoelectric constants.
In this letter, we report the results of an investigation of the effect of film orientation of BaTiO 3 thin films grown on Pt and LSCO/Pt electrodes on piezoelectric properties by examining local piezoresponse hysteresis loops of nanometer-scale regions with the aid of piezoresponse force microscopy.
Disk-type La 0.5 Sr 0.5 CoO 3 ͑LSCO͒ and BaTiO 3 ͑BTO͒ targets were prepared by mixing the appropriate ratio of precursor oxide powders, pressing the powders into pellets, and sintering them to high density. Pulsed laser deposition ͑PLD͒ was carried out at a laser fluence of 2.0 J / cm 2 and a repetition rate of 25 Hz using a KrF excimer source ͑ = 248 nm͒. BaTiO 3 thin films of 150-250 nm thick were grown onto the Pt/ Ta/ SiO 2 / Si and LSCO/ Pt/ Ta/ SiO 2 / Si substrates. The substrate temperature and oxygen ambient pressure during PLD growth were 700°C and 30 mTorr, respectively. The LSCO buffer layer ͑100 nm͒ was deposited onto the Pt/ Ta/ SiO 2 / Si substrate at 600°C by PLD. X-ray diffraction ͑XRD: Rigaku, D/MAX-RC͒ and reflected high electron energy diffraction ͑RHEED͒ analyses were used to identify the phases and determine the preferred growth orientation. Contact mode-AFM ͑Autoprobe CP-R, Veeco͒ was used to image surface morphology and root-mean-square ͑rms͒ roughness. At the same time, PFM, with out-of plane and in-plane polarization ͑OPP/IPP͒ measurements which are proportional to the three orthogonal components ͑P x , P y , and P z ͒, allows the measurement of the local converse piezoelectric displacement and lateral torsion of the tip, respectively. The piezoelectric response signals from tip deflection ͑out-of plane polarization vector component͒ and lateral tip torsion ͑in-plane polarization vector component͒ were simultaneously obtained by PFM and lock-in amplifier techniques. PFM was performed using Co-coated silicon ͑n dope͒ cantilevers of triangular geometry which were modulated with an ac voltage of 1.5 V, resonance frequency of 1 -2 kHz, and scan rate of 0.3 Hz. Figure 1 shows the XRD patterns of 250 nm BaTiO 3 films grown on Pt/ Ta/ SiO 2 / Si and LSCO/ Pt/ Ta/ SiO 2 /Si substrates, respectively. The BaTiO 3 film on Pt/ Ta/ SiO 2 /Si showed polycrystalline perovskite morphology with highly ͑101͒ preferred orientation. In contrast the BaTiO 3 film deposited on 100 nm LSCO buffered Pt/ Ta/ SiO 2 / Si had mixed ͑001͒ and ͑101͒ orientation. The degree of ͑001͒ preferred orientation increased by using a LSCO buffer layer. X-ray diffraction also revealed that the LSCO films were single phase crystalline as shown in Fig. 1͑c͒ . LSCO has a pseudocubic perovskite structure with a lattice constant of 3.835 Å. The ͑001͒ preferred orientation is promoted as a consequence of the structural match between LSCO and BaTiO 3 . In order to confirm the surface structure, RHEED measurements were performed on BaTiO 3 films grown on Pt and LSCO/Pt electrodes in an ultrahigh vacuum molecular beam epitaxy ͑UHV-MBE͒ chamber. RHEED patterns in Fig.  2 showed that both BaTiO 3 films had ring patterns, indicative of a polycrystalline phase with random orientation. However, an intense discontinuous ring pattern in BaTiO 3 films grown on Pt electrodes is indicative of biaxial texture with in-plane texture and corresponds to the ͑101͒ and ͑001͒ textures compared with a continuous ring pattern in the BaTiO 3 film grown on LSCO/Pt electrode. The OPP-and IPP-PFM images in Figs. 3͑c͒-3͑f͒ show grain size-dependent domain distributions. In PFM measurements, ac electric fields are applied along the ͑001͒ direction between a bottom electrode and the AFM tip. If non-͑001͒ oriented components in the BaTiO 3 thin films exist, the OPP signal will decrease whereas the IPP signal will increase. Most ferroelectric thin films are deposited on substrates with smaller thermal expansion coefficients than that of the ferro- 11 Figure 4 shows local piezoreponse hysteresis loops of BaTiO 3 films grown on Pt and LSCO/Pt electrodes. Local P -E curves in each measurement show typical butterfly-like shape due to the electric field-induced strain under the AFM tip. The piezoresponse hysteresis loop was recorded as an A cos signal. Here, A is the amplitude of the first harmonic signal, which provides information on the magnitude of the piezoelectric coefficient ͑d 33 ͒ in the measured z direction and is the phase shift between the ac voltage signal applied on the AFM tip and the piezoelectric response which determines the direction of polarization. The A cos relates to the ac field-induced strain according to the equation: A cos =−͑‫ץ‬C / ‫ץ‬z / k lever ͒͑V dc − V c ͒V ac ± d 33 V ac . The symmetry of the curve depends on the 180°domain wall behavior, film residual stress, or effective domain clamping of some domains in preferential orientations. As shown in Fig. 4 
